Introduction {#Sec1}
============

As the third generation semiconductor material with wide bandgap, SiC has the characteristics of high breakdown field, high radiation tolerance, high velocity of carrier saturation, fast thermal conductivity, small dielectric constant, and steady chemical properties, so it has wide applications in the fields of high temperature, high frequency, high power, anti-radiation, and short-wavelength optoelectronic devices and optoelectronic integration \[[@CR1]\].

The most widely used crystals of SiC are 3C, 4H, and 6H. Processing methods such as grinding/lapping/polishing are still the main methods during the machining of single-crystal SiC. However, the hardness ratio between diamond and SiC is close to 2:1 (the processing depth \< 50 nm)), which is much lower than the recommended value of 5:1 for the machining process \[[@CR2]\]. Severe wear of cutting tool and subsurface damage directly influence the quality of wafer. To address these issues, a large amount of work has been done to understand the removal behavior of SiC at the nanoscale. The removal mechanism of 3C-SiC and influencing of the processing factors have been thoroughly studied, such as the plastic deformation mechanism during the cutting process \[[@CR3]--[@CR7]\], tool wear \[[@CR8]\], friction behavior \[[@CR9]\], and anisotropy of 3C-SiC \[[@CR10]\] and influence of cutting temperatures \[[@CR11]\].

6H-SiC has a more complex ABCACB stack structure. Although the removal mechanism of 6H-SiC in SPDT (single point diamond turning) processing (such as the influence of tool rake angle on the material removal process \[[@CR12]\] and brittle-ductile transition \[[@CR13]\]) is studied, the research is obviously less than 3C-SiC. The bandgap of 6H-SiC (3 eV) is obviously higher than that of 3C-SiC (2.3 eV). At present, the technological level of 6H-SiC rod growth process is much higher than that of 3C-SiC. 6H-SiC is far more used in industrial applications than 3C-SiC. Corresponding devices have been applied in high frequency, high power, and high-temperature fields, such as Schottky rectifier, thyratron, and power MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor). To enhance the machined surface/subsurface quality of 6H-SiC, the most efficient and effective means at present is to find an appropriate combination of crystal plane (machining surface)/crystal orientation (machining direction) that is more suitable for the process of 6H-SiC.

Scratch experiment and simulations are some of the most common and effective methods to explore the removal behavior \[[@CR14], [@CR15]\]. The research on material removal mechanism during the scratching process has a great guiding significance for the actual abrasive machining process. The molecular dynamics method can provide damage formation and removal process at the nanoscale. Therefore, the molecular dynamics scratching simulation was used to analyze the removal behavior of 6H-SiC under the influence of crystallography-induced anisotropy.

Methodology {#Sec2}
===========

The cutting simulations in this paper were completed using large-scale atomic/molecular massively parallel simulator (LAMMPS) \[[@CR16]\]. OIVTO \[[@CR17]\] and diamond structure identification method \[[@CR18]\] were used for model visualization and defect identification in this study. The implementations of workpiece and tool modeling were dependent on LAMMPS without the aid of other software. As shown in Fig. [1](#Fig1){ref-type="fig"}a--c, both the workpiece and the tool were set as deformable bodies, and the wear behavior was investigated during the simulation. The tool and workpiece model were divided into three parts: a boundary atomic layer, a thermostatic atomic layer, and a Newtonian atoms zone. In order to keep the workpiece remain in the initial position, the boundary layer atoms in the bottom and right end of workpiece were fixed. Atoms in thermostat layer and Newtonian layer follow Newton's second law. A periodic boundary was applied along *y* direction. Before the scratching simulation, the models were relaxed by NVE ensemble with Berendsen thermostat method. A 50 ps relaxation period was applied before the scratching simulations to obtain a steady energy state. The abrasive shape is a spherical crown triangular pyramid with the edge-to-edge angle of 90°. As shown in Fig. [2](#Fig2){ref-type="fig"}, the common crystal planes (a-plane (basal plane), m-plane (prismatic plane), and c-plane) for 6H-SiC were selected as the machining surfaces. Considering the symmetry of the structure, the following plane/orientation combinations were selected as the machining surface/machining direction: $\documentclass[12pt]{minimal}
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The atomic potential function plays a crucial role in the accuracy and reliability of molecular dynamics simulation. According to the previous tests and simulations for the mechanical properties and removal mechanisms of single-crystal SiC, the analytical bond order potential (ABOP) function proposed by Erhart and Albe \[[@CR19]\] is more suitable for interactions for silicon and carbon. The parameters used in the potential function are shown in Table [2](#Tab2){ref-type="table"} \[[@CR19]\]. Instead of the Tersoff potential energy function \[[@CR6]\], the ABOP potential function is used to define the Si-Si, C-C, and Si-C interactions in and among the tool and workpiece during the processing \[[@CR2], [@CR7], [@CR8], [@CR10], [@CR11]\]. Table 2Potential function parameters used in this study \[[@CR8]\]DetailsSi-SiC-CSi-C*D*~*o*~ (eV)3.2464.36*r*~*o*~ (Å)2.2321.42761.79*S*1.8422.1671.847*β* (Å^-1^)1.47612.00991.6991*γ*0.1143540.112330.011877*c*2.00494181.910273987*d*0.814726.28433180.314h0.2590.55560.68*2 μ* (Å^−1^)000*R* (Å)2.8222.4*D* (Å)0.140.150.2

Results and Discussion {#Sec3}
======================

Nanometric Machinability Analysis {#Sec4}
---------------------------------

As shown in Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}, the anisotropy of 6H-SiC had a significant impact on the nanometric machinability (machined depth, removal mode, removal amount, and subsurface damage depth (SSD), etc.). According to the relationship between the machining surface/machining direction and basal plane/*c*-axis (see Fig. [3](#Fig3){ref-type="fig"}), the material processing modes can be divided into three categories: (i) the basal plane is selected as the machining surface, (ii) the basal plane is perpendicular to the machining surface and *c*-axis is perpendicular to the machining direction, and (iii) the *c*-axis is parallel to the machining direction. Fig. 3Topography of machined surface under different crystal plane/orientation conditions, where **a**--**f** are the corresponding process modes $\documentclass[12pt]{minimal}
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Analysis of Lip Motion and Subsurface Damage Distribution {#Sec5}
---------------------------------------------------------

### Schmid Factors Distribution in the Scratching Process Based on a Triangular Pyramid Tip {#Sec6}

The common slip systems of hexagonal crystal system (see Fig. [4](#Fig4){ref-type="fig"},) primarily include basal slip, prismatic slip, and pyramidal slip. Slip resistance is related to the generalized stacking fault energy (GSF) and d*E*~GSF~/d*x* vs. (*x*/***b***) of the slip systems. Slip motion would occur on the densest plane and along the shortest direction \[[@CR10]\]. The preferential slip systems in the basal slip are basal slip (shuffle sets)/\<$\documentclass[12pt]{minimal}
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The shear stress component on the glide plane *τ*~ss~ can be calculated by the relation: $$\documentclass[12pt]{minimal}
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During the scratching process, the primary contact face of the triangular pyramid tip was the rake face, but when the tool got severely worn, the main contact face transited to the compound of the rake face and the tip-top. The corresponding loading direction $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \overset{\rightharpoonup }{f} $$\end{document}$ is presented as $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \left\{\begin{array}{c}\overset{\rightharpoonup }{f_1}=\left({f}_{1x},{f}_{1y},{f}_{1z}\right)\kern8em \mathrm{rake}\ \mathrm{face}\ \\ {}\overset{\rightharpoonup }{f_2}=\left({f}_{2x},{f}_{2y},{f}_{2z}\right)\kern9.75em \mathrm{tip}\ \mathrm{top}\end{array}\right. $$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \overset{\rightharpoonup }{f_1}=\left(1,0,-\sqrt{2}\right) $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \overset{\rightharpoonup }{f_2}=\left(0,0,-1\right) $$\end{document}$ in the global coordinate system.
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### Surface/Subsurface Damage Distribution {#Sec7}

As shown in Fig. [6](#Fig6){ref-type="fig"}a, b when $\documentclass[12pt]{minimal}
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When the processing direction was parallel to the *c*-axis, due to severe wear of tip, prismatic slip caused by the downward extrusion was the primary slip motion mode in the stable scratching stage. The corresponding slip motion mode was consistent with the calculation results of the Schmidt coefficient. When $\documentclass[12pt]{minimal}
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                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \left(11\overline{2}0\right)/\left[0001\right] $$\end{document}$ was selected, the slip systems $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \left[\overline{2}110\right]/\left(0\overline{1}10\right) $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \left[1\overline{2}10\right]/\left(\overline{1}010\right) $$\end{document}$ also had the same Schmidt coefficient, but the slip motion was affected by the irregular wear of the tip and only the slip system $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \left[1\overline{2}10\right]/\left(\overline{1}010\right) $$\end{document}$ occurred.

In summary, as shown in Fig. [7](#Fig7){ref-type="fig"}, the damages in the subsurface regions under different processing conditions were primarily dislocations, lattice distortion (torsion/relative sliding), and amorphous phase. The deformation of 6H-SiC was mainly caused by the slip motion, non-crystallization of materials, and irregular lattice distortion. The main slip deformation modes were basal slip and prismatic slip, which are closely related to the processing surface/direction. Fig. 7Processed surface/subsurface damage form distribution. **a** *xy* cross-section. **b** *xz* cross-section

Concluding Remarks {#Sec8}
==================

In this work, the deformation mechanism and nanometric machinability of 6H-SiC were investigated under different combinations of crystal plane (machining surface)/crystal orientation (machining direction) and the following conclusions are drawn: The deformation mechanism of 6H-SiC during the scratching process at the nanoscale is mainly the result of the combination of amorphous phase transition, lattice distortion, and dislocation slip motion. The depth of the dislocation line determines the subsurface damage depth in the machined area of 6H-SiC.Basal \<**a**\> slip and prismatic \<**a**\> slip motion plays a dominant role in the slip deformation of 6H-SiC during scratching process. In addition to the processing mode prismatic plane/\<**a**\>, the slip motion during the scratching process of 6H-SiC could be predicted via Schmidt algorithm.The processing mode $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \left(01\overline{1}0\right)/\left[2\overline{1}\overline{1}0\right] $$\end{document}$ is conducive for achieving a high removal rate and low abrasive wear, which is apt for machining of the 6H-SiC surface. The basal plane and *c*-axis are the difficult-to-machine face and direction of 6H-SiC, which can be used as a reference for the design of cutting tool.

*A*

:   Amorphous phase

ABOP

:   Analytical bond order potential

*D*

:   Dislocation

*d*

:   Undeformed chip thickness

GSF

:   Generalized stacking fault energy

LAMMPS

:   Large-scale atomic/molecular massively parallel simulator

MD

:   Molecular dynamics

MOSFET

:   Metal-oxide-semiconductor field-effect transistor

NVE

:   Number, volume, and energy

*O*

:   Other type of defect

SCF

:   Single-crystal form

SPDT

:   Single-point diamond turning

SSD

:   Subsurface damage depth

SSD~max~

:   Maximum subsurface damage depth
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